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SUMMARY 

Tills paper presents an analytical and experi- 
mental study of a capacitor-diode voltuge multi- 
plier without a transformer which offers the pos- 
sibility of high efficiency with light weight. 
D.c.-d.c. conversion efficiencies of about 94 per- 
cent were £>"hicved at output powers of 150 watts 
at 1000 volts using B* multiplication. A detailed 
identification of losses was made, including for- 
ward drop losses in component, switching losses, 
reverse junction capacitance charging losses, und 
charging losses In the main ladder capacitors. 


INTRODUCTION 

Power processing equipment used in space 
flight applications should be lightweight, and 
liave the ability to deliver s wide range of output 
power while maintaining a high efficiency. Pres- 
ently available equipment, which typically is a 
d.c.-d.c. converter including a transistor chopper 
with a transformer for voltage transformation, 
does not completely meet these requirements. Sys- 
tems with high efficiency (90 to 95 percent) cun 
be designed and built, but the total system weight 
is substantially higher than desired. The volte,, 
multiplier concept, which uses capacitors and 
diodes for voltage transformation, appears at- 
tractive as un alternative. 

This paper extends the concept of the tran- 
sistor chopper driven capacitor diode voltage mul- 
tiplier (CUVM) d.c.-d.c. converter (Refs. 1 to 4) 
to u wide range af weights, efficiencies, und out- 
put power by exploring the tradeoffs between the 
CDVM converter design parameters. Tills investiga- 
tion indicates that it 1 b possible to design 
either a very lightweight converter with somewhat 
reduced efficiency, a very high efficiency con- 
verter with a somewhat increased weight, ot an in- 
between converter where the efficiency and weight 
can be tailored to a given application. 

A 100-watt, 1000-volt experimental model with 
a chopping frequency of 70 kHz was used for all 
testing. Efficiencies as high as 94~ percent were 
attained at 100 watts output with a component 
weight of about 2 kg/kW und a 92^- percent effi- 
ciency ut a component weight of 1 kg/kW. Thus 
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the CDVM d.c.-d.c, converter offers a butter com- 
bination of efficiency and weight, compared to 
conventional power processing, and also has the 
capability of a wide range of weight and effi- 
ciency to fit a given application. 


EXPERIMENTAL MODEL 

Figure 1 shows u circuit diagram of the ex- 
perimental CDVM converter UBed to obtain the datu 
in this report. The converter consists of a 
transistor chopper (driven ut 70 kHz) connected 
directly Into a voltugo multiplier with N “ B, 

No transformer is required, which is a major ad- 
vantage from a wulght, cost, and efficiency stand- 
point. Two d.c. power supplies were used in the 
experimental setup for versatility und conveni- 
ence, One supply could be used (with a voltage of 
2 V'j.) without affecting the converter performance. 
The nomlnul output voltage of the experimental 
model was 1000 volts with the input power supplies 
ut +130 volts und -130 volts, 

LOSSES AND EFFICIENCY 

The tradeoff between efficiency, weight, and 
output power in the CDVM converter can be deter- 
mined from a study of the losses involved in the 
system. These losses along with approximate ex- 
pressions for their value, are listed in ten cate- 
gories. They are! 

(1) Capacitance charging losses (Ref. 5) in 
the voltuge multiplier capacitors while the diodes 
are conducting. This includes series resistance 
losses in the leads, and In the equivalent series 
resistance of the capacitors. It is treated in 
detail in Ref. 5 und will not be derived here. 

Both losses in charging, a capacitor from another 
capacitor, and in charging a capacitor from a 
power source are included us appropriate. Stray 
series inductance is ignored in this treatment. 

The expression for this loss (Pi) for a voltage 
multiplier with N diodes and N capacitors, a 
load current i^ und unit capacitors C u oper- 
ated at a frequency f is 




(2) Charging losses of the reverse biused 


junction capacitance o£ the CUVM diodes during the 
time wii on the diodes are not conducting. This 
loss (1*2) in given by 


(0) Reverse bias d.e, leakage losses in the 
CISVM diodes caused by reversed current flow while 
the diodes ate off, This power lose (i’g) la given 
by 


1‘ 2 - 4NC UR vJf 


( 2 ) 
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where Cpg is the Junction capacitance of each 
diode in the voltage multiplier. As the diode 
Junction begins to block where the Input voltage 
swings from +V* to -V^ or vice versa, the 
diode voltagu changes from about a volt In the 
forward direction to 2Vi in the reverse. The 
charge taken from the capacitors C u and the 
voltage sources to charge Cgg to 2V j_ is then 
zc DR v i' Since tho battery and/or capacitors sup- 
ply the charge at u voltage 2V^, the umount of 
energy used in tills Junction capacitance diarging 
is ACygVj per diode, The to^ul energy loss for 
the N diadOB is then 4C UK NVi tor each charging 
cycle, whieh occurs f times per second. Tho 
power loss due to this cause is therefore 
4C DR NVff. 

(3) Charging losses of the chopping trun- 
sistor junction capacitance (output capacitance) 
during the transistor "off" poriod. This loss 
(l’3> is given by 


P 3 - 8C TR V^f (3) 

It is similar to Pj. The 1 unction capacitance 
C T r of the individual tiuneistor Is charged to 
2Vj, each cycle, with u consequent energy loss of 
4 c Tlt v f > Since there are two transistors operating 
at a frequency £, the total power loss is as 
given in Eq , (3) . 

(4) Forward conduction louses of the CUVM 
diodes. Tills loss is due tu the forward voltage 
drop across the diodes during their "on" time. 

This power loss (P4) is therefore 

l 4 “ Vi, (4) 

since the averuge diode current must be equal (Ig- 
noring leakages) to the load current. Vgp , the 
forward drop of the conducting diode vurlea some- 
what with load current, but was taken as a con- 
stant for this treatment. The factor N enters 
because there ere N diodes, each of which must 
curry the load current lg us an average current. 

(5) Transistor forward conduction losses in 
the transistor chopper. As In the case of the 
diode, this is due to thu saturation voltage 
across the transistors during the conduction 
cycle. This power loss (P 3 ) is given by 

P 5 - 2 Vl (5) 


and is due to the use of N diodes, charged to a 
voltage 2 V^, with a leukagu current i^o. For 
good diodes , thu leakage current is in tfie micro- 
ampere range, so that I'g is usually negligible 
compared to other losses. 


(7) D.c. leukagu losses of the trunuloiurs 
in the "off" statu. This loss is comparable to 
Fg for the diodes , The expression for it is 


P ? - 2V 1 i T>orF 


(7) 


where ip, OFF the residual current flowing 

through tlie trunsistor when it is off. This cur- 
rent is of the order of uillllampercs so that P7 
cannot be ignored as Fg was. Again, the factor 
of 2 is necessary because the chopper has two 
transistors. 


(8) Transistor base drive losses. This is 
about 1 watt at 100 watts output. An approximate 
expression for tills loss is 


P 


8 


l b NV d 
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where Vg is in the transistor drive voltage. 

The average transistor collector current is Nig, 
bo that the average base current is approximately 
lgM/d and the base drive power is as given in 
Eq. (8), Again, second order effects were ig- 
nored, It is believed that this loss can be de- 
creased us the output power is reduced. 


(9) Switching losses in the chopper transis- 
tors. This power loss V9 is for turn on only, 
since the current goes to nero as capacitor charg- 
ing is completed, and this occurs before the 
square wave voltuge output from the chopper 
changes sign. Thu current drawn through the tran- 
sistor is approximately a half sine wave (positive 
for one transistor, negative for the other) with a 
half period in each case of about 3.5 microseconds 
(iXP “ 7 sec). The switching loss was calculated 
by assuming a linear switching decrease in voltage 
across the transistor from Vp to zero in the 
turn on time of the transistor Integrating 

these two together over ‘the transistor switching 
timo tp, and multiplying by the chopping fre- 
quency f gives the power loss Vg . 


P 


9 


» 2 w 



(9) 


where Vpp is the forward conduction drop of the 
transistor. The numbur of diodes enter because 
the trunsistor current is Nig, neglecting second 
order effects, and the factor of 2 is needed be- 
cause two transistors are used. 


Tills switching loss is unusual in that it does not 
depend on the chopping frequency f. The reason 
for this is that peak value of the transistor cur- 
rent wave shape with period is inversely 

proportional to f so that the factor drops out 
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In die final result. 

(10) Switching losses in the CDVM dlodeu . 

'11m diode switching loss l-^.j is negligible, 

Blnee the switching time for turn on le substnn- 
elully lean for good diodes than for transistors. 
The equation given for 1‘j.o in Table 1 la nil 
upper limit for the eauu of zero rlue time on thu 
diode volts. 

Table I Hate these losuea, the equation 
which characterizes each lone, end a calculated 
value for each Iusb (for an output power of 100 W) 
on a percentage of the output power. Translator 
looses nude up about 00 percent of the total, 
Second ordur effects trnve not been Included, since 
the individual 'oases are small. The definition 
of symbols usee in the equations are shown in 
Table XI, The values of the parameters needed for 
the calculations were either determined from u di- 
rect laboratory measurement or obtained from the 
manufacturer's specification. Thu values used are 
given in Table III, Hie values shown are far com- 
mercially available components, further selection 
or apeelul development of components could bring 
further reduction of losses or weight, this is 
especially true of the capacitors, which mku up 
the bulk of the weight of the converter. 

With the above losses it Is possible to write 
an overall efficiency equation as follows: 



If the experimental test model values are 
used in the above equation, a value of 94 percent 
Is obtained for the overall efficiency at uu out- 
put of 100 watts. Hie measured efficiency of the 
experimental node! checks closely with this figure. 


EXPERIMENTAL RESULTS 

Hacuuse of the lower frequencies normally 
used in conventional d.c.-d.c, converters, the re- 
verse junction capacitance charging losses (I'j, L’-j 
Table I) have little effect on conversion effi- 
ciency, and are not normally treated, because the 
CDVM converter operates at a higjier frequency 
(70 kHz) these losses do contribute to the total 
loss of the system. Therefore they wore experi- 
mentally verified by adding extra cupucitancu 
across the diodes and/or transistors to simulate 
larger Junction cupacltunee. The results of these 
measurements (Fig, 2) show that efficiency is re- 
duced linearly with an increase in capaeitii'icc, 
which demonstrates the importance a i <’ .xigbiiui 
with low junction capacitance trarvds tcrS ant 
diodes. 

The effect of these losses Is further illus- 
trated in Fig. 3 where efficiency of the experi- 
mental model is shown us u function of output 
power for variouu combinations of junction cupaci- 
tance and unit capacitance (C u ) values. Hie low- 
est efficiencies occur for high values of junction 
capacitance and low values of Cy, The maximum 


value of efficiency was obtained (about 954- per- 
cent) with a C„ value of 4uF, C„ values var- 
ied during the testa from lpF to 4pP with 
weights and efficiencies at 100 watts output var- 
ying from . £ kg/kW til B6 percent to about i kg/kW 
at 95^ percent, respectively, Hie transistor 
ba3e drive circuit loss (I’g Tuble l) lu not in- 
cluded in tliis figure, but an estimate indicates 
that loss will lower the efficiencies by 
ubout 1 percent. Hie experimental data also in- 
dicates that the overall efficiency remind rela- 
tively conatunt over a wide range of output power, 
since the efficiency varies only 2 percent between 
25 and 130 watts (C tl “ 4uF; top curve Fig, 3) . 
because the weight of the CDVM is strongly de- 
pendent on the value of C u , and since the effi- 
ciency Increases witli larger values of Gy, it Is 
possible to use these tradeoff!: to optimize a 
system for a particular application. 

For a value of C u of 2 tcilerofarudo the 
capacitors C], to Cfj nuke up about two thirds 
of the totul weight, with thu rest being due to 
transistors, diodes, and other components. For 
the case when C u is equal to 4 microfarads, the 
capacitor weight is five sixths of the total. 
Reducing the capacitance value C u reduces the 
weight, but increases the losses due to capacitor 
charging, Clearly, what is needed here is a 
higher energy density (lighter weight) capacitor, 
so that it would be possible to keep the effi- 
ciency high with large values of C u , without 
paying a corresponding weight penalty, 


SUMMARY OF RESULTS 

An analytical and experimental investigation 
of a d.c.-d.c. converter using a capacitor -diode 
voltage multiplier was code with the following 
results, 

1. Ten sep -rate lossus were identified in 
the CDVM converter, 

2. Losses are a function of: 

(a) Chopping frequency 

(b) Capacitance size (C u ) 

(c) Transistor junction cupucitancu 

(d) Diode junction capacitance 

(e) Transistor forward voltage drop 

(f) Diode forward voltage drop 

(g) Transistor switching speed 

CU) Diode switching speed 

(i) The number of stages in the CDVM 

(J) Output voltage and output current 

(k) Chopper transistor base drive losses 
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T/U1LE X. - urns SUURCES 


Loss typo 


1, CUVM capacitor elmrglug 

loan 

2, Diode reverse junction 

charging loss 

3, Transistor reverse Junc- 

tion charging loss 

4. Diode forward conduction 

louses 

5. Translator forwurd con- 

duction losses 

6, Diode reverse bias d.e, 

leakage losses 

7. Transistor "off" d.c. 

leakage losses 

8. Transistor base drive 

loss 


9, Translator switching 
losses 


10, Diode switching losses 


Total losses 


formula for luso 

*1 !2TL U 

*2 “ «<Vff 

s 3 “ 8C Tll V l C 


‘*4 “ m t^u 


l* 5 - 2V n M u 


V 6 - 2V i V 

P 7 - 2V t l tf orr 

* a .^ 

"*W /% 


V 10 < 


* \'J 


Percent lusu 

y luu w 


l.S 

.3 

,7 

.8 

1.3 

-0 

,3 

-1 

.4 

-0 

6.2% 


Efficiency 


94.32 


SS ® 1 



TABLE SI, - DEFINITION OF SYMBOLS 


reverse junction cupueltuneu of 
diode, Awuumud to Du the oumc for 
all diodes , F 

Ljh transistor "ofl" Junction eupuei- 

tnnee. Average value Cor the two 
tranulstoru , F 

C unit CUVM capacitance (value for 

cat 1 ! capacitor for cusu whore 
Cg “ ^2 " * • • > ^ 

C^, , , ..Cjj CDVM eapneitors , F 

£ frequency, Hz 

i n|i e<f. verse leuknge current of diodes at 

voltage 2Vg 

1^ load current, A 

i« transistor "off" d,c. leakage cur- 

T ’ i rent, A 

N number of diodes (also voltage mul- 

tiplication factor) 

1’^ power losu due to CDVM capacitor 

charging loss 

?2 power loss due to reverse Junction 

capacitance charging of diodes 

P., power loss due to transistor "off" 

J junction eupucitance charging 

P^ power loss due to forward diode con- 

duction drops 


P,. power loss due to forward trunti tutor con- 
duct ion drops 

P» power ioso due to reverse bias leakage of 
diodes 

1>_ power lose duo to transistor "off" d.c. 

leakage 

Pg transistor base drive power loss 

i'y transistor switching loss 

P.q diode switching loss 

Vjjj,. diode conduction drop, V 

Vj tranaiutor drive voltage, V 

input voltage 

V.,„ trmisietor average forward conduction drop, 

it y 

ft chopper translator current gain 

tp diode switching time, see 

ijp period of diode current, sec 

period of transistor input current, 8ea 
t.j. transistor turn on time, sec 
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TAltLK III. “ 1‘AHAMttKti VALUtii 


i'ara sector 

C BK , diode reverso biua Junction capacitance 
0 jg, translator "off" Junction eapacltaneu 
diode conduction drop 
V T y, transistor forward conduction Jrop 
i T of ,p, translator "off" leakage current 
Vj , translator drive voltage 
id, chopper translator current gain 
t]., translator turn on time 
tjj, diode switching time 

diode current 

t period ol' translator Input current 
H, nutiber of capacitors or diodes In CDVM 
V i( input voltage 
C, operating frequency 




Value 

i pr 
go pF 

l.« v 

0. a v 

1, f‘ eA 
10-13 V 

10 

0.05 msec 

‘0.1 pace 

2 usee 
7 usee 

8 

100 v 
70 kHz 
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Figure 1. - Transformless capacitor diode voltage multiplier 
DC - DC converter. Either Vj| or V 2 | can be zero or 
chosen arbitrarily within component ratings. 
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Figure 2. - Efficiency versus added capacity. 
Output power, 60 watts. Cu » 1 pF 



OUTPUT POWER, W 

Figure 3. - Efficiency versus output power. High capac- 
ity diodes, 25 PF; low capacity diodes, 7 PF. 
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